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Abstract

Pseudozymg&Candidg antarcticalipase B is known to catalyze the direct amidation of carboxylic acids with ammonia in organic solvents.
We tested this system for production of primary fatty amides from hydroxy fatty acids including the naturally occurring mono-hydroxy fatty
acids, ricinoleic acid (RA) and lesquerolic acid (LQA) and the novel multihydroxy fatty acids, 7,10-dihydrByp&@adecenoic acid (DOD)
and 7,10,12-trihydroxy-&)-octadecenoic acid (TOD). Reactions were performed at temperatures updoRiginoleic acid and lesquerolic
acid were transformed at initial rates comparable to or better than that of oleic acid, a non-hydroxylated substrate. Transformation percentag
at 7 days was better than 95% for all substrates except TOD (93.9%). A, 3Bost reactions approached completion within 1 day. The
primary amides of LQA, DOD, and TOD are novel compounds having melting points of 73, 105, an@d,¥@6pectively.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction The use of lipase in organic solvent with ammonia as
nucleophile has been reported for the production of primary
There is a great deal of current interest in utilizing re- fatty amides. The lipase-catalyzed ammoniolysis of fatty acid
newable raw materials as chemical feedstocks. QOils and fatsesters and triglycerides to form primary amides was initially
from plant and animal sources make up a large proportion described by de Zoete et §1-6] while Garcia et al[7,8]
of current renewable raw material use in the chemical in- reported a similar reaction wif-ketoesters. These reactions
dustry[1]. Primary fatty amides, particularly oleamide, eru- were performed with solutions of ammonia in solvent. Lit-
camide, and stearamide, are important industrial chemicals.jens et al[9] used solid ammonium bicarbonate as ammonia
They are used in plastics processing as lubricants and as slisource for the ammoniolysis of butyl butyrate to butyramide.
and anti-blocking agenfg]. Commercial preparation of pri-  The ammoniolysis of esters was used in the above work
mary amides is by the reaction of fatty acids with anhydrous to avoid precipitation of the ammonium salts of carboxylic
ammonia at high temperature and pres$8tand therefore  acids. However, the work of Litjens et 48] indicated that
enzymatic synthesis under milder conditions has been inves-the direct amidation of carboxylic acids with ammonia was
tigated. feasible. This reaction was subsequently reported for the
production of primary amides from a number of carboxylic
- acids, including oleic acid10,11] While five lipases and
* Names are necessary to report factually on available data; however, thegone esterase were shown to carry out the ammoniolysis
USDA neither guarantees nor warrants the standard of the product, and the¢ ethyl octanoate to octanamideseudozymgCandidg
use of‘the name by the USDA |mp||es_ no approval of the product to the antarcticalipase B (CALB) showed the best activity in that
exclusion of others that may also be suitable. . . ; ; . :
* Corresponding author. Tel.: +1 309 681 6257; fax: +1 309 681 6672.  reaction[5] and in the direct amidation of oleic acjd0].
E-mail addresskuotm@ncaur.usda.gov (T.M. Kuo). Recently, a continuous plug-flow reactor system for the direct

0141-0229/$ — see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.enzmictec.2005.02.001



W.E. Levinson et al. / Enzyme and Microbial Technology 37 (2005) 126—-130 127
amidation of oleic acid to oleamide has been repofieq. flushed with an ultra pure grade of nitrogen gas and stored in
The reactor, which used immobilized CALB (Chirazyme batches at below @C. The procedure produced 150g LQA
L-2-c.f.C2, Lyo; also known as Novozym 435) catalyzed from 400 mLLesquerella fendlemil. The LQA preparation
85% continuous conversion of oleic acid to oleamide and the was about 98% pure based on GC analyses.
authors believed the process to be economically significant. ~ Microbial conversion of oleic acid in a bioreactor process
Hydroxy fatty acids are used in a variety of industrial was used to obtain crystalline DO[8], while microbial
applications and are useful as chemical intermediates inconversion of ricinoleic acid was used to obtain crystalline
synthesis reaction$1,13,14] Mono-hydroxy fatty acids  TOD[19].
derived from plants include ricinoleic acid [12-hydroxy- Amidation reactions consisted of 15mL of 2M2B con-
cis-9-octadecenoic acid], the primary feedstock for the taining 100 mM fatty acid, an appropriate amount of ammo-
production of nylon-11[3] and lesquerolic acid [14- nium carbamate, and 150 mg (10 mg/mL) immobilized en-
hydroxy-cis-11-eicosenoic acid]. Ricinoleamide appears zyme. Ammonium carbamate and the immobilized enzyme
in the patent literature as early as 19@%], but it was were stored at 4C over calcium sulfate (Drierite) and the
prepared chemically under unfavorable energy conditions. solvent was dried over anhydrous sodium sulfate prior to
Our laboratory has produced the novel di- and tri-hydroxy use. The mixtures were equilibrated at temperature overnight

fatty acids, 7,10-dihydroxy-&)-octadecenoic acid (DOD)
and 7,10,12-trihydroxy-&)-octadecenoic acid (TOD)
via bacterial fermentation of oleic and ricinoleic acids,
respectively [16,17] In this study, we investigated the

prior to addition of enzyme to start the reaction. Transforma-
tion reactions were performed in triplicate in septum-sealed
16 mmx 125 mm screw-cap test tubes. Negative controls
consisted of reaction mixtures without added enzyme. Agita-

lipase-catalyzed direct amidation of these hydroxy fatty tionwas provided by a Labquake test-tube rotator (Barnstead
acids to their corresponding amides. Our aim was to under- Intl., Dubuque, 1A). Samples were taken through the septa by

stand and optimize these reaction parameters for subsequergyringe.

production and characterization of new fatty amides such as

those derived from LQA, DOD, and TOD.

2. Materials and methods

Oleic acid Eis-9-octadecenoic acid] (OA) and ricinoleic
acid were from Nu-Check Prep Inc. (Elysian, MN). Com-
pounds of LQA, DOD, and TOD were produced in the lab as
described below. Immobilize@andida antarcticdipase B
(triacylglycerol acylhydrolase, EC 3.1.1.3) (Novozym 435,
CALB), 2-methyl-2-butanol (2M2Btert-amyl alcohol) and

Oleic acid, RA, and LQA transformation was determined
by GC. Fatty acids were converted to methyl esters with di-
azomethane prior to analysis with an HP 5890 Series Il gas
chromatograph equipped with a model 18593B autosampler,
HP-5MS capillary column (30 m 0.25 mmx 0.25pm film
thickness) and an FID detector. Analytical conditions were as
follows: injector, 200°C; detector, 290C; initial oven tem-
perature 200C for 1 min ramping to 270C at 10°C/min
and holding for 10 min. One microliter of a tetrahydrofuran
solution was injected in split mode.

DOD and TOD transformation was determined on a
Shimadzu HPLC system consisting of two pumps, a col-

ammonium carbamate were purchased from Sigma—Aldrichumn oven, autosampler, diode-array detector and system

(St. Louis, MO). Other chemicals were used without further
purification.
Lesquerella fendlerbil was a gift from Dr. Terry Is-

controller. Samples (gL in methanol) were run isocrati-
cally with a mobile-phase of methanol:water (60:40) con-
taining 0.1% acetic acid on a Varian Polaris C8-A col-

bell, New Crops and Processing Technology Research Unit,umn (150 mmx 4.6 mm) at 40C. Peaks were monitored at

NCAUR, USDA-ARS, Peoria, lllinois. Crude LQA was pre-

201 nm.

pared by a basic saponification procedure. Briefly, lesquerella  Experiments were ended by filtering out the immobilized
0il (200 mL) was refluxed with 84 g KOH in 150 mL methanol enzyme. Products were recovered by crystallization in ethyl
for about 3 h. Two batches of saponification were carried out, acetate after removing the reaction solvent by vacuum evap-
combined, and then adjusted to pH 4-5 with chilled 4 M oration. Recovered product purity was estimated by chro-
HCI. The saponified mixture was extracted with an equal matogram peak area percentages on GC and HPLC.
volume of hexane. Thereafter, the solvent-extracted mixture
was washed with water in a separatory funnel until the pH
became neutral. The free fatty acids framfendleriwere
subsequently washed with sodium phosphate buffer (117 g/L

3. Results and discussion

NaH,PO4 and 10 g/L NaHPQy, pH 5), dried over anhydrous

Immobilized CALB (Novozym 435) is thermostable and

sodium sulfate and concentrated by a rotary evaporator atcan be used at 60-8C for long periods of time without

40°C. Crystallization of LQA (about 25 g) was achieved from
1L hexane upon sequential cooling at8,0, and—-20°C for

loss of activity [20]. CALB-catalyzed ester ammoniolysis
and the direct amidation of fatty acids with ammonia have

24 h at each temperature. The crystals were quickly collectedbeen carried out in a number of solvents, includieg-

on a 1PS Whatman filter paper under freezin@@°C) con-

butanol, 2M2B, methyl isobutyl ketone (MIBK), and dioxane

ditions and transferred to a container. The crude acid was|[5,7,9,10,12] Slotema et al[12] compared four solvents for
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the direct amidation of oleic acid to oleamide and determined 100 : =

that 2M2B provided the best combination of initial reaction Q/E/‘:ﬁ

rate and equilibrium conversion. High initial concentrations 80 / %é'
60 %

of ammonia may cause the precipitation of ammonium salt
40

7]

Substrate transformed

of the fatty acid substrate, depending on the solvent and tem-
perature, and resultin a reduced initial reaction faf§. For

this reason, Litjens found that adding ammonia as a solid
(@ammonium bicarbonate or ammonium carbamate) and al-
lowing it to slowly dissolve as the reaction progressed gave
higher initial reaction rates than using ammonia gas. Water is
formed as a product of the reaction and increasing the initial 5 3 4 5 6 7
water concentration in the reaction mix results in lower equi- () Time (days)

librium transformation and initial reaction ratgk?], there-

fore ammonium carbamate is preferred as an ammonia source 100
because it does not form water as it dissolves. Given these
results, we selected 2M2B as solvent and ammonium carba-g§ 8o
mate as ammonia source for our work.

Transformations of OA, RA and LQA were performed
at four temperatures (25, 35, 45 and°&5 while DOD and
TOD transformations were done at85. The ammonia:fatty
acid ratio for these experiments was 2:1 (100 mM ammonium
carbamate giving 200 mM ammonia). This concentration of
ammonium carbamate was completely soluble in 2M2B at
55°C, but not at the lower temperatures. Transformations
were monitored as the utilization of the fatty acid substrate
with the initial transformation rate being the inverse of the
utilization rate and expressedasiol fatty acid transformed  Fig. 1. Fatty acid transformation at (A) 26 and (B) 55C. LQA, square;
min—1genzyme?l, while the percent transformed is the in- RA, diamond; OA, triangle; TOD, circle; DOD, cross. Data points are the
verse of the percentage of the initial fatty acid substrate uti- average of three replicatesl S.D.
lized. For each substrate there was only one product peak
evident on chromatograms and it was a;/sumecﬁ)that a”psubp_refe_rence for shorter chain (C-6 to C-10) fatty acids in ester-
strate utilized was transformed into the amide product. Pu- |f|cat|o_n reactions, although acids above C-18 were not 'Fested
rified products from the OA, RA and LQA reactions were and this preference was reduced somewhat when the immo-

analyzed by GC-MS. Authentic oleamide (Sigma—Aldrich, bilized enzyme (Novozym 435) was usgl-24] Pleiss et

St. Louis, MO) and the oleic acid reaction product were both fr"l' [25] determineq thaF fatty'acids up to C-13 in length fit
identified by a mass spectral library (Wiley Registry of Mass mto_ the CALB b'”‘?"F‘g site which may account_forthe p_refer-
Spectral Data, 7th edition, John Wiley and Sons, Hoboken, en_tlal enzyme activity _toward_s short and r_ned|um-cha|n fatty
NJ) as 9(2)-octadecenamide (oleamide) while the mass spec-ac'ds' In a study of triglyceride hydrolysis, C.ALB §howed_
tra of the RA and LQA products indicated the presence of the no preference between unsaturated fatty acids with chain-
characteristic primary amide. lengths from C-18 to C-2{26].

The results of the 25 and 5& experiments are shown
in Fig. 1 Lesquerolic acid transformation was the most
rapid of the substrates tested with completion of the reac-
tion being approached at 3 days even at the lowest temper-
ature. OA and RA were transformed at similar rates and
required 7 days to approach completion at@5 The ini-
tial rate of transformation versus temperature is shown in
Fig. 2 The initial rate of LQA transformation at 5& was
26.9pumol min~1 g enzyme® while the rates of OA and RA
were approximately 18molmin—!genzyme?l. DOD and
TOD rates were 4.9 and 14u4nol min~1 genzyme?, re-
spectively. An Arrhenius plot of the dat&if. 3) resulted in
calculated activation energies of 50, 47.6, and 32.4 kJ/mol for
OA, RA, _and LQA, reSpeCtlvely' . Fig. 2. Initial rate of transformation at different temperatures. LQA, square;

The higher rate of LQA, a C-20 fatty acid, versus RA and Rra, diamond; OA, triangle; TOD, circle; DOD, cross. Data points are the
OA (C-18) is interesting. CALB has been shown to have a average of three replicatesl S.D.
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Fig. 3. Arrhenius plot of initial raterf vs. temperature. LQA, square; RA, S
diamond; OA, triangle. Data points are the average of three replicates. 2 = A0
£ E 604 o1 day
The rate of RA transformation consistently was slightly % :Q 40 a7y
higher than that of the unhydroxylated ORigs. 1 and 2 27 5l
The structural study of the binding site of CALLB5] showed b o
a flat, hydrophobic region in the area of binding of the C-7 25 3 45 55
to C-13 carbons. Apparently, hydroxylation at C-12 does not (B) Temperature (C)
interfere with binding and may help slightly. It is interesting
to note that while DOD, hydroxylated at the 7 and 10 carbons, - RE
had a significantly reduced transformation rate; addition of €
a hydroxy! at the 12 carbon (TOD) ameliorated this effect £ F .
to a degree. It is not known what effects the shift in unsatu- § T
ration fromcis-9 to trans-8 configuration (DOD and TOD) g5 T b
had on the reaction rate. CALB has been shown to exhibit aE & 401
. . . . . . 7]
slight preference for eliadic acitt@ns-9-octadecenoic acid) 2 20
compared to oleic acif7]. @D 0
For the three fatty acids tested at different temperatures, 25 35 45 55
all reactions approached completion within 1 day at the two (C) Temperature (C)

higher temperatures-{g. 4). One-day transformation per- _ b ormed 47 davs: eic acid:
centage at 25 and 3€ was the lowest for OA (47 and 620, 19-4: Percentage of substrate transformed at 1 and 7 days: (A) oleic acid;
(B) ricinoleic acid; (C) lesquerolic acid. Bars are the average of three repli-

respectively) followed by RA (53 and 72%, respectively) and . teqr15D.
LQA (81 and 91%, respectively). Excluding the 5 data
for which a stable endpoint had not yet been reached at 7mately 80% (OA, 81.1%; RA, 80.6%; LQA, 80.4%). The
days for OA and RA, the average endpoint transformation OA rate of 17.3umol min—1 g enzyme! and transformation
percentage was 98.4 for OA (range 99.1-97.9); 95.8 for RA of 81% at the 1:1 ratio are in close agreement with the values
(range 97.1-95.0); and 96.3 LQA (range 98.7-95.0). The 7- of 20 umol min~1 g enzyme! and 76% derived by Slotema
day transformation of DOD and TOD at 56 was 99.0 and et al.[12] for the same concentrations (at D).
93.9%, respectivelyHig. 1).

Experiments were also performed to determine the effect 40
of ammonia concentration on initial rate and endpoint trans-
formation. They were carried out at 36 with ammonia:fatty

35

acid ratios of 1:1, 2:1, and 3:1 (100 mM fatty acid). The con- %0

centrations of ammonium carbamate used were completely 25 I —r
soluble at this temperature. Increasing the ratio of ammo- 20 o 2:1
nia to fatty acid from 2:1 to 3:1 resulted in an increase in 154 = 3.1

the initial reaction rate for both RA and LQAFIg. 5). The
RA transformation ratg(mol min—1 g enzyme?) increased
to 25 from 18.5 (35%) while that of LQA increased to 35.7
from 26.9 (33%). The increase in the OA rate from a sub- 0 ‘ ‘
strate ratio of 2:1 to 3:1 and the differences of the initial Dleleacld Ridnclelcacid  Leguuerolc acld

rates for _a" three fatty acids between the 1:1 and 2_:1 sub- Fig. 5. Initial transformation rate at 3& with different ammonia to fatty
strate ratios were small. A drop in the substrate ratio from acids substrate ratios (ammonia:fatty acid). Rates are the average of three
2:1 to 1:1 resulted in a drop in transformation to approxi- replicates+1S.D.

10

Initial transformation rate
(#mol/min * g enzyme)

5.




130 W.E. Levinson et al. / Enzyme and Microbial Technology 37 (2005) 126-130

Tablel ‘ _ _ ‘ [6] de Zoete MC, Kock-van Dalen AC, van Rantwijk F, Sheldon RA.
Melting points ¢C) of fatty acids and their corresponding fatty amides Lipase-catalysed ammoniolysis of lipids. A facile synthesis of fatty
Oleic Ricinoleic Lesquerolic DOD TOD acid _amides. J Mol Catal B: Enzym 1996;1:109—1_3. ‘ _

- [7] Garcia MJ, Rebolledo F, Gotor V. Chemoenzymatic aminolysis and
AC'F’ 3.4 55 N.D. 63.5-64 94.5-95 ammonolysis of3-ketoesters. Tetrahedron Lett 1993;34:6141-2.
Amide 75 67 73 105 100 [8] Garcia MJ, Rebolledo F, Gotor V. Lipase-catalyzed aminolysis
N.D.: not determined; DOD: 7,10-dihydroxy#B¢octadencenoic acid,; and ammonolysis of-ketoesters. Synthesis of optically actige
TOD: 7,10,12-trihydroxy-&)-octadencenoic acid. ketoamides. Tetrahedron 1994;50:6935—40.

a From literature. [9] Litiens MJ, Sha M, Straathof AJ, Jongejan JA, Heijnen JJ. Compet-
itive lipase-catalyzed ester hydrolysis and ammoniolysis in organic
. . L . . solvents; equilibrium model of a solid-liquid-vapor system. Biotech-

The purified amides exhibited a range of melting points nol Bioengq1999'65:347—56. a porsy
(Table 1. Ricinoleamide had the lowest melting point at [10] Litens MJJ, Straathof AJJ, Jongejan JA, Heijnen JJ. Exploration
67°C while the amide of DOD was the highest at 25 of lipase-catalyzed direct amidation of free carboxylic acids with

Enzyme_prepared fatty amldes a” exh|b|ted melUng po|nts ammonia in organic solvents. Tetrahedron 1999,5512411—8 )
higher than their fatty acid counterparts, a property that could [11] Liiens M3J, Straathof AJJ, Jongejan JA, Heijnen JJ. Synthesis

ke th ful . f licati of primary amides by lipase-catalyzed amidation of carboxylic
make them useful in a variety of applications. acids with ammonium salts in an organic solvent. Chem Commun

1999;13:1255-6.

[12] Slotema WF, Sandoval G, Guieysse D, Straathof AJ, Marty
A. Economically pertinent continuous amide formation by di-
rect lipase-catalyzed amidation with ammonia. Biotechnol Bioeng

_ - ) 2003;82:664-9.

An immobilized lipase (CALB, Novozym 435) catalyzed [13] Hayes DG. The catalytic activity of lipases toward hydroxy fatty
the direct amidation of several hydroxy fatty acids to their pri- acids: a review. J Am Oil Chem Soc 1996;73:543-9.

mary amides with ammonia in organic solvent. Lesquerolic [14] Hou CT, Kuo TM, Lanser AC. Value-added products through bio-

acid was transformed atthe highestinitial rate while ricinolejc ___ Processing: new hydroxy fatty acids. Inform 2002;13:307-16.

idt f i v identical to that of olei id [15] Acid amides. French Patent 790002 (1935).
acid transtormation was nearly laentical to that ot oleic acid. [16] Kuo TM, Kim H, Hou CT. Production of a novel com-

4. Summary

The |n|t|a| I’eaCtlon I’a'[eS Of the d|' and t“'hydroxy fatty aC'dS pound’ 7110,12-trihydroxy.&).octadecenoic acid from ricinoleic
(DOD and TOD) were below those of the other substrates, acid byPseudomonas aerugino®R3. Curr Microbiol 2001;43:198—
with the DOD rate being the lowest. At 58 and a 2:1 ammo- 203.

nia to fatty acid substrate ratio, the transformation reactions [17] Kuo TM, Lanser AC. Factors influencing the production of a novel
’ compound, 7,10-dihydroxy-8j-octadecenoic acid, byseudomonas

of LQA' RA, and OA _approached compl_etlon within 1 day. aeruginosaPR3 (NRRL B-18602) in batch cultures. Curr Microbiol
Endpoint transformation for these conditions was better than 2003:47:186-91.
95% for all substrates except TOD (93.9%). Increasing the [18] Kuo TM, Ray KJ, Manthey LK. A facile reactor process for
ammonia to fatty acid ratio to 3:1 at 56 resulted in in- producir_]g 7,10—dihydroxy—ﬁ)—octad_eceno_ic acid from oleic acid
creased initial reaction rates for the substrates tested while ~ So">ro" byPseudomonas aeruginasgiotechnol Lett 2003;25:
decr_easmg the ratio to 1:1_ reduced the transformation to ap'[19] Kuo TM, Knothe G. Production and properties of 7,10,12-trihydroxy-
0
proximately 80%. The amides of LQA, DOD, and TOD are 8(E)-octadecenoic acid from ricinoleic acid conversion Bgeu-
novel compounds and exhibited melting points of 73, 105, domonas aeruginosa&ur J Lipid Sci Technol 2004;106:405-11.
and 100°C, respectively. Therefore, we have succeeded in [20] Anderson EM, Larsson KM, Kirk O. One Biocatalyst-many appli-
the enzymatic preparation of novel hydroxy fatty amides for cations: the use ofandida antarticaB-lipase in organic synthesis.

further tests f tential This is the first t Biocatal Biotransform 1998;16:181-204.
urtner tests Tor potential new uses. IS 1S the irst report on [21] Lee CH, Parkin KL. Effect of water activity and immobilization on

the enzymatic preparation of novel hydroxy fatty amides in fatty acid selectivity for esterification reactions mediated by lipases.
higher yields. Biotechnol Bioeng 2001;75:219-27.
[22] Lee CH, Parkin KL. Comparative fatty acid selectivity of lipases in
esterification reactions with glycerol and diol analogues in organic
media. Biotechnol Prog 2000;16:372—7.
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